Abstract The enhancement factor for surface plasmonpolaritons scattering by a thin dielectric grating was measured experimentally. Scattering of a p-polarized wave may be up to 30,000 times stronger than the non-resonant scattering of an spolarized wave by the same grating. A detailed comparison between the theoretical calculations and experimental measurements was performed. Strong localization of the scattered field near the edges of diffraction grating grooves was found. Such localization is very promising for numerous applications, e.g., biological sensors, optical tweezers for catching particles, or viruses, etc.
Introduction
Surface plasmon-polaritons (SPPs) are electromagnetic waves coupled to the oscillations of electron density plasma in metals [1] . They propagate along a metal surface, and their confinement makes them very sensitive to the optical parameters of a substrate as well as parameters of objects that are placed onto or near the surface. For this reason, studies of SPPs scattering provide a lot of information on the interaction of electromagnetic fields with objects located near the surface. As is known, the presence of a refractive index step not only affects SPPs scattering but can also concentrate the local electromagnetic field near its edges [2] . Both theoretical and experimental studies show that the direction of the scattered light produced by the interaction of SPPs with onedimensional object strongly depends upon the size of the latter. Thus, the radiated energy may be directed backward or forward (or both), depending on the defect width [3] [4] [5] . It was found in [6] that this effect does not depend on the thickness of metal film or particle diameter, but it is essentially affected by the film material. SPPs propagation near different single defects produces a local concentration of the electromagnetic field [7] [8] [9] . As a consequence, the defects can increase the limit of the localized surface plasmon resonance sensitivity to variation of the surrounding dielectric environment [10] .
A dielectric diffraction grating (DG) placed on the surface of metal films supporting SPPs propagation significantly influences the excitation, propagation, and emission of light [11] [12] [13] [14] [15] [16] [17] . Such DGs can very efficiently convert SPPs to diffracted light. For example, in [18, 19] , DG was used for enhancing the diffraction efficiency of leaky surface plasmons, and the influence of the grooves' shape on that efficiency was studied. From the practical point of view, dielectric DGs can provide better biosensing sensitivity due to the combined effects of surface reaction area and field distribution in the binding region [20] .
Scattering of SPPs by diffraction grating is a subject of numerous publications. A special consideration was given to the excitation of SPPs by DGs and possibility to concentrate and enhance local electromagnetic fields on the periodicallylocated surface objects that compose a DG. Such effects are of interest not only for understanding of SPPs excitation and their interaction with the surface structure and defects but also for numerous applications. The latter suggest the use of SPPs in various optical devices, such as optical biosensors, optical imaging systems, and polarization filters. Another interesting observation was made in [21, 22] , where the authors showed that, using reflective DGs, it is possible to trap an incident radiation into small volumes if the field concentration is sufficiently increased under resonance conditions. As for efficiency, the electric field enhancement in the groove array was found to be much higher (by almost an order of magnitude) than in the case of a single groove [23] . This was shown to be related to excitation of SPPs. It should be noted that practical considerations of a finite number of grooves N and finite groove length L (across the periodicity) showed that N≥30 and L≥20 wavelengths can ensure an electric field enhancement close to the ideal performances achieved for N→∞ and L→∞.
Due to p-polarization of SPPs, they can solely be resonantly excited by an incident p-polarized beam in the in-plane geometry. Contrary to this, an s-polarized beam cannot excite SPPs, but non-resonantly generates both propagating and evanescent diffraction field harmonics. The ratio of the scattered intensities measured for both these polarizations is called enhancement factor (EF) that indicates an enhancement of scattering processes due to SPPs excitation. The earlier study [24] showed an extremely high enhancement of SPPs scattering by a shallow diffraction grating placed on top of the gold film as compared to the diffraction of evanescent waves by the same grating. In [24] , a regular scattered light diffraction structure produced by a few grooves of a DG was clearly visible in p-polarization of the incident beam, but it was not observed for s-polarization, so that the value of EF was only estimated.
In the present study, we measure EF from a thin DG, estimate its dependence upon various optical conditions, and compare it with theoretical calculations. We discuss mechanisms of SPPs influence on the scattering processes. Besides, we estimate the local space structure of the scattered light and compare experimental observations with numerical simulations.
The paper is organized as follows: In Sec. 2, we present a theoretical modeling for SPPs diffraction by a DG. In Sec. 3, we provide a detailed description of the experimental setup and measurements of the space distribution of scattered light. Furthermore, in Sec. 4, we make a comparison between the experimental and theoretical results and discuss the underlying physics. Finally, the conclusions are presented in Sec. 5.
Calculations
Let us start with description of the system and its theoretical modeling. We consider a grating formed by 20 nm-thick stripes of polymethyl methacrylate (PMMA) layer on top of a gold film (thickness of 43.5 nm). The period of the striped grating is 2.5 μm, and the width of the stripe is half-period. The film is placed onto a prism that in simulations is approximated by a dielectric half-space with refractive index n pr = 1.514. There are also two very thin additional interlayers (between the gold film and prism and between the gold film and PMMA) that are taken into account. Their parameters will be specified later in Sec. 3.
We perform the first-principle calculations by using the finite element method. 1 To get an insight into the problem, let us point out some details of simulations and explain the basic physical mechanisms.
The source is taken to be a plane wave that is obliquely incident from the prism region at an angle Г (counted inside the prism from the normal to the gold surface), with the wave vector k i , see Fig. 1a . It has the following form (the monochromatic time dependence e -iωt is omitted): E i r ð Þ ¼ E i e i k i r , where r = (x, z) and k i =(k ix ,k iz ) are 2D vectors. The components of the wave vector are k ix =n pr k ω sinΓ and k iz =n pr k ω cosΓ, where k ω =ω/c =2π/λ.
The top layer (dielectric diffraction grating) represents a periodically modulated dielectric permittivity, so that the latter can be expanded into Fourier series, ε g =∑ n ε n e ing , where g =2π/L is the Bragg vector and L is the structure period. Due to the periodicity, an infinite set of the spatial field harmonics is generated (see Fig. 1a ), so that the field can be taken in the form of Floquet-Fourier series in each medium. For example, in the transmitted vacuum region, it is E r ð Þ ¼ ∑ n E n e ik n r . The x-and z-components of the wave vectors in the transmitted region are
For the considered wavelength and angular interval, the surface plasmon is excited by a "direct" penetration of the incident field, in zero diffraction order (as in Kretschmann configuration [1] ). The amplitudes of the spatial harmonics of the permittivity ε n reflect the efficiency of excitation in different diffraction orders, so that in the first-order perturbational approximation, E n ∝ε n . One can see from Fig. 1b that the harmonic composition of the grating prevents excitation of even diffraction orders by the first-order scattering. Since the first-order harmonic of the grating has the largest amplitude (in comparison with other nonzero harmonics), the intensity in the −1st propagating order is predominant.
A typical structure of the resonant field spatial distribution for the case of p-polarized wave diffraction is shown in Fig. 2 . At the angle γ=44.5°(corresponding to the reflection dip), the field from the region of the prism in the form of evanescent waves penetrates the metallic film and excites SPP at the exit face of the film. The enhancement of the field due to SPP is clearly seen in both panels of Fig. 2 . Thin dielectric diffraction grating virtually does not change the intensity and spatial structure of the SPP, influencing mainly the position of the resonance. However, the grating introduces small (as compared to the SPP intensity) radiation components, thus converting SPP into a leaky mode. These components correspond to the propagating waves, with the k-vectors lying within the light cone (see arrows inside the upper semicircle in Fig. 1a) . The dominating field spatial harmonic is the −1st one generated in the first-order scattering process. From  Fig. 1b , it follows that the −1st harmonic prevails over the rest by orders of magnitude, thus being the only wave that can be measured in the far-field vacuum region. The separation of the −1st spatial harmonic from the near-field zone is seen in Fig. 2 . Due to the presence of this spatial harmonic, the transmission coefficient has a nonzero value.
In the vicinity of the grating (near-field region), there is an interference pattern created by decaying from the surface SPP field and weak −1st propagating wave. At the distance where the SPP has decayed, so that its amplitude is comparable with that of the −1st field harmonic, a set interference maxima and minima is created. The distribution of the field intensity at different distances from the grating is shown in Fig. 3c, d . Each curve in Fig. 3c corresponds to a fixed value of γ in the vicinity of the resonance, corresponding to the points in the curve. The distance from the grating in the calculations has been chosen to provide the maximal peak value of the field intensity at the angle of incidence (AOI) γ=44.5°.
Let us proceed with the description of the experiment.
Samples and Experimental
The schematic of a surface plasmon resonance configuration is shown in Fig. 1a . It consists of a prism with the refractive index n pr =1.514 (BK7 glass) and a plate of the same glass with a studied structure on its top. This plate contacts to the prism with the immersion oil whose refractive index is close to n pr . The gold film (thickness of 43.5 nm) is placed on a 2-nm Ti sublayer to increase its adhesion. A 20-nm PMMA layer is superimposed on the gold film. The PMMA diffraction grating was produced by the electron beam lithography as a periodic array of elongated in the y-direction rectangular holes with period of 2.5 μm and filling factor of 0.5. The size of the DG is 0.8×0.8 mm 2 . An incident beam goes through the prism on the sample and excites the SPP that further interacts with the DG. The impinging laser light (γ=670 nm, 3 mW) is linearly polarized with one of two possible polarizations: p (TM) or s (TE). The AOI γ is measured in air relative to the normal to the prism hypotenuse. It is also useful to introduce the AOI Г inside the prism. There is a simple and convenient prism analog of Snell law [18] , linking γ and Г as follows:
Where ψ is the prism angle. The diffraction efficiency of the volume waves in the studied DG was measured by a He-Ne laser beam (λ=632.8 nm, 5 mW) Fig. 1 a The geometry of the system studied both in the real and k-space for the case of the grating with period of 2.5 μm and groove width of 1.25 μm. Two semicircles shown in the prism and vacuum regions present the wave number surfaces. The wave vectors of the incident k i , reflected k r , tangential component of the wave vector k t , and several diffracted plane waves in the transmitted region are shown by black arrows. The grating Bragg vector is shown by the white arrow. The system is supposed to be resonantly tuned, so that k t =k SPP , where k SPP is the plasmon wave vector. b The spectral composition of the dielectric diffraction grating; the dependence of Fourier harmonics of the dielectric permittivity on their numbers (bars) and intensities of the diffracted ppolarized beams of different orders (circles) that impinged the DG from the air half-space, normally to its surface.
The intensity of the scattered light (i) is measured by a photodetector that is constructed from PMT with a homemade transimpedance amplifier that has a computer-controlled sensitivity switch. The scattered intensity as a function of the polar angle θ and AOI γ, i(θ,γ), is normalized to the incident light intensity I 0 . A slit diaphragm placed before the Fig. 3a . The SPPs propagation direction is from left to right. Cross-section of the scattered intensity distribution along the x-axis. c calculated theoretically, d measured experimentally. Each curve of (c) corresponds to a constant value of the angle γ, taken at the points of the angular spectrum of the transmission coefficient in Fig. 6a . The parameters of the structure are the same as in Fig. 2a photodetector determines the angular resolution of measurements that is estimated to be Δθ∼0.008°. The linearity of the registration system is carefully examined by verification of Malus's law [18] .
For the studied DG, the main part of the scattered SPPs energy is propagating in the −1st diffraction order as follows from Fig. 1b . As γ is changing, so is the angle of this diffracted beam. Thus, for each fixed kth value (k =1, 2, …) of γ (γ k ), we calculate a range of θ containing the diffracted beam, and then the photodetector scans this range. After all, the peak value of the measured intensity I(γ k ) for this θ range is determined. The set of I(γ k ) for all the measured γ k values gives I(γ) dependence.
The polarization analyzer is placed before the photodetector, so polarization state of the scattered light is indicated by two indices, I XY , where X (Y) corresponds to orientation of the polarizer (analyzer). The intensity measured for the case without analyzer is labeled by only one subscript that indicates the polarizer orientation.
The DG surface can be observed with an optical microscope, so that the spatial distribution of the scattered radiation can be fixed. In this case, SPPs are excited by a semiconductor laser with λ=650 nm. An image of the scattering distribution is created with a E63×0.8 (Carl Zeiss) lens. Its numerical aperture allows the most intense diffracted beam of the −1st order to take part in forming the microscopic image.
Results and Discussion
An angular dependence of specular reflectivity enables direct comparison between the results of calculations and measurements. Therefore, let us find a correspondence between the real sample structure and its model, taken for the calculations.
Excitation of SPPs results in a well-known important dip in the angular dependence of sample specular reflectivity R. The results of its measurements are presented in Fig. 4 . For the case of a flat sample zone without the DG, the measured value of the minimal R level is 2.45 % at γ dip =46.9°, with full width at half maximum (FWHM) being 1.9°. For the sample zone with the DG, the measured R dip =13.2 % at γ dip =45.4°, with practically the same FWHM=2.0°. The part of the incident energy that was absorbed due to SPPs excitation can be roughly estimated from these data as I SPP =78 %-13 %= 65 %.
In Fig. 4 , the calculated R(γ) is also presented. We fit some parameters of the structure from the direct comparison of the experimental and theoretical curves corresponding to a flat PMMA layer (without DG). The fitting has been done with the help of WINSPALL software [25] . We have been unable to get precise fitting of the experimental data with BK7-Ti-Au-PMMA-air model structure. However, the coincidence of the experimental and calculated dependences can be essentially improved by introducing at least one additional layer between Au and PMMA with intermediate optical parameters. Such a mismatch means that the initial sample structure is idealized, while the real sample structure is more complicated. The fit thickness for both Ti layer and the additional layer between Au and PMMA is 2 nm, while their fit refractive indices are 2.28+3.049i and 0.1796+2.598i, respectively. We use these fit parameters for calculations of both the structure without DG (see Fig. 4 ) and that with DG (see Fig. 4 and the rest of the figures containing calculations). The vacuum wavelength of the incident light is λ=670 nm, the gold film thickness is 41.5 nm, the PMMA grating thickness is 20 nm, the period of the grating is 2.5 μm, and the refractive indices of the prism, gold film, and PMMA are 1.514, 0.172+3.848i, and 1.49, respectively.
The PMMA DG of 20 nm height on the surface of gold film has a weak efficiency for the diffraction of volume waves. Its diffraction efficiency measured for the normal incidence on the air side using a laser beam with λ=632.8 nm is I p /I 0 = 1.76×10
The measured angular dependences of the SPPs scattered intensity are presented in Fig. 5a , b. Figure 5a shows the dependence of i pp (θ,γ)/I 0 , where its values are coded by the color bar, placed on the right side of the figure. The scattered intensity depends upon both the AOI and polar angle. For each γ k value, the dependence i(θ,γ k )/I 0 has a bell-like shape (see Fig. 5b ). The peak value of each dependence I pp (γ)/I 0 changes with γ. We call the experimentally obtained I pp (γ)/I 0 as the envelope dependence. Examples of such envelope dependences are presented in Fig. 6a, b .
The measured and calculated envelope dependences I pp (γ)/ I 0 are shown in Fig. 6a . There is a significant difference between the measured angular positions of the diffraction efficiency peak (γ peak =44.2°) and specular reflectivity dip (γ dip =46.9°). This effect is known and related to different physical processes. The position of the specular reflectivity dip characterizes the total energy losses of the incident beam due to excitation of the SPPs. The energy transferred into the SPPs is then redistributed between the Joule losses (the main part) and the scattered light. Since the peak position, γ peak , is mainly related to the scattering processes, the optimal physical conditions for suppression of the specular reflection and optimal diffraction efficiency are different.
Both the measured and calculated I pp (γ)/I 0 dependences can be characterized by the resonance shape and rather close peak values ∼5 %. Their angular positions are slightly different. The reason can be related to the difference between the real sample structures and idealized ones taken in the calculations. This discrepancy is similar to the difference between the theoretical and experimental specular reflectivity curves without DG shown in Fig. 4 . The angular width of the measured dependence I pp (γ)/I 0 (1.0°) is smaller than the calculated one (2.0°). This indicates that the real structure is much complicated than that considered to fit the experimental data. For instance, the films can be inhomogeneous in z-direction. Figure 6b shows the same dependences as in Fig. 6a , but for the case of s-s conversion. One can see that both experimental and theoretical curves decrease monotonically as γ increases. Nevertheless, the calculated intensity I ss /I 0 underestimates the measured one by one order of magnitude. The main reason for such discrepancy can be related to a native surface and interface roughness that have not been taken into account in the calculations. In the vicinity of the resonance for the p-polarization diffraction, such neglecting does not affect, either qualitatively or quantitatively, the reflection/ transmission coefficient dependences. This takes place due to the coherent enhancement of the resonant spatial harmonic of the field by the grating. Contrary to this, in case of the nonresonant diffraction (s-polarization), the field is composed of many spatial harmonics with similar amplitudes. Therefore, scattering by a stochastic structure can strongly affect the spectral composition of the scattered field and change the intensities in different angular directions. But still, even if the roughness is not accounted for, the idealized system can show all the main features observed in the experiment. On the other hand, we have to notice that the roughness of the surfaces and interfaces is rather weak; the AFM measurements [24] show that, for surface of PMMA film, r.m.s. roughness is about 0.3 nm, while for surface of gold without PMMA, it is about 0.6 nm. Such values of roughness are at least three orders of magnitude lower than the wavelength of incident light, so one order of magnitude difference between the measured and calculated I ss (γ)/I 0 values is a rather strong effect. Its detailed study needs further investigations.
As another consequence of the roughness, we have observed cross-polarization processes (s -p and p -s ) that are forbidden according to the electromagnetic theory in the case of translational symmetry in the y-direction [26, 27] . Their origin could also be connected to possible nonlinear properties of PMMA film [28] . However, additional measurements show that the change of the incident beam intensity does not affect I pp (γ)/I 0 values, at least within the limits of experimental errors.
One of the main results of this paper is that SPPs excitation strongly changes the DG diffraction efficiency relative to the diffraction of volume waves by the same DG (and near the same light wavelengths), from 0.000174 to 0.05, so the ratio of measured diffraction efficiencies for SPPs excitation and volume waves diffraction is of an order of 300.
The set of the data obtained enables us to calculate the enhancement factor as a ratio I pp (γ)/I ss (γ). The enhancement factor shows the influence of the SPPs excitation on scattering (diffraction) by the DG as compared to the case when SPPs are not excited. The angular dependences for the measured and calculated enhancement factors are presented in Fig. 7 . The peak value of the measured enhancement factor reaches ∼30,000 for γ=44.2°, with FWHM=1.0°, while the calculated one is of an order of 3,000 for γ=44.7°, with FWHM= 1.95°. Such difference is due to different levels of measured and calculated I ss (γ)/I 0 values presented in Fig. 6b .
The study of the local distribution of scattered field is important for understanding the mechanisms providing such high values of the enhancement factor. The results of calculation of the scattered light space distribution are presented in Fig. 3a . The SPP propagates from left to right, so that the left and right edges of the DG groove will be referred as "falling" and "raising" ones, respectively. A comparison of the field distribution with the positions of PMMA grooves indicates that at the shown distance z, the scattered intensity is mainly localized near the DG edges. In addition, the localization is stronger near the falling edge of the DG groove as compared to the raising one. Notice that the scattered intensity peak near the raising edge is split, while the peak near the falling edge is of asymmetric shape.
The measured spatial distribution of the scattered light is presented in Fig. 3b . The peaks of lower intensity are periodically followed up by more intense ones. Actually, the intensity of lower peaks is comparable to the background level (given by the scattering at natural surface roughness and defects). There is a visible correspondence of measured scattered light distribution with the calculated one-compare Fig. 3a and b ; the scattering by the falling edge of the DG groove is much stronger than by the raising one. This observation is similar to [18] but for much wider grooves (in [18] , the groove width was 13.6 μm).
Another very interesting feature of measured scattered light distribution is present in the right part of Fig. 3b : very narrow multifocal regions of the scattered light near the falling edges of the DG grooves. As one can see, the size of each focused area is as small as one pixel. In contrast, the positions of these areas in the left part of Fig. 3b are placed somewhere between pixels, near their vertical border. As a result, the peak intensity is reached on the left or right pixels' column. The size of each focal area is expected to be not larger than the size of one pixel (0.2 μm), thus allowing the subwavelength confinement. The observed scattered light localization can be promising for elaboration of optical tweezers selective to sizes of different particles, including, for example, viruses that have to be caught.
Localization of the scattered light near the DG edges is also present in the calculated near field, see Fig. 3a . It is worth mentioning that the measured localization of the scattered light near the falling edge of the DG is much stronger that the calculated one.
The space distribution of the scattered light can be estimated quantitatively by using the data shown in Fig. 3d . It shows the scattered light intensity averaged along the groove directions. The intensity profiles are calculated for the AOI corresponding to the peak of the scattered intensity (γ=44.2°), for its minimal value (γ=42°), and an intermediate value (γ= 43°), see Fig. 6a . The dependence for γ=44.2°can be characterized by i max /i min ∼2.3. This value, however, may be underestimated due to scattering by the surface roughness and defects. Scattering by the corrugations and defects increases the widths of the multifocal regions. As γ changes, the scattered light intensity decreases, thus resulting in decrease of i max /i min . For the minimal value of the scattered intensity (from the ones shown in Fig. 3d) , γ=42°, i max /i min further decreases, and the spatial harmonics of higher orders are visible.
Conclusion
We have experimentally measured the enhancement factor for SPPs diffraction by shallow dielectric diffraction gratings. We have observed the enhancement of an order of 30,000 (while the calculated value is smaller). The experimental and theoretically calculated scattered electromagnetic field distributions along the surface of dielectric diffraction grating show a good agreement. We have demonstrated a strong confinement of the scattered field near falling fronts of dielectric diffraction grating grooves. The widths of the multifocal areas may be less than 0.2 μm. Such localization of the scattered field can be used for distributed optical tweezers to catch particles or viruses from liquid suspensions.
